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A two-dimensional time-dependent model of polar cap arcs bas been developed. The electr~ynamics of 
the polar cap arcs are treated self-consistently in the frame of the co~pled magn~tosphere-lODospbere 
system. The focus of this paper is to introduce the physics and m~themaucal fonnulauon of the model -:nd 
describe the features of the spatial structure and temporal evoluuoo of the ~lar cap arcs .. The ~odeling 
results indicate that the time constant for the fonnation of the polar ('.ap arcs IS around 1O~. It IS f~und 
that an initial single-arc precipitatioo pattern associated with a polar cap arc t~ds to split IDto muluple 
precipitation regions and leads to a multiple structure of the polar cap arcs. It 15 also found that stron~ 
downward field-aligned currents can develop near the intensive upward fiel~-aligned ~rrents and form a parr 
structure of the field-aligned current in the polar cap arcs. The model predIcts the eXl.S~n~ ~f plasma flo~ 
crossing the polar cap arcs, but the amplitude of sueb a flow is small, and the cbaractensUc tune scale of 11 
is much larger than the time constant for the formation of the polar cap arcs. Our results als~ sbow that 
while polar cap arcs are developing, the associat~ current system t~ds to become further localized and at 
steady state the current system in the narrow regtons around the arcs 15 locally self-closed. 
1. lNrRODUcnON 
The occurrence of auroral arcs at very high geomagnetic 
latitudes (>80-) had been reported [Weill, 1958; Davis, 1960, 
1963; Denholm and Bond, 1961] when the first systematic 
morphological study of auroras in the oval region began [cf. 
Akasofu, 1964]. In contrast with the arcs in the auroral oval 
region which have a good correlation ~o a southward 
interplanetary magnetic field (1M F), the auroral arcs at very 
high latitudes were mostly observed during the periods of 
northward IMF and quiet magnetic conditions [Berkey et al., 
1976; Ismail et al., 1977; Lassen and Danielsen, 1978]. The 
observed features of the auroral arcs at high-latitude regions 
have a great diversity. The arcs can be very bright and 
luminous as they cross the polar cap from the days ide to the 
nights ide of the auroral oval to form a pattern of Greek letter 
"theta" [Frank et al., 1982, 1986; Nielsen et al., 1990], or they 
can be confmed in the polar cap and remain relatively weak, 
having multiple discrete patterns and being located either in 
the evening sector or morning sector of the polar cap [Weber 
and Buchau, 1981; Ismail and Meng, 1982; Murphree et al., 
1982; Gussenhoven, 1982; Carlson et al., 1984; Rich et al., 
1990]. Some observations suggest that the arcs at high 
latitudes are in the regions of open field lines because of the 
fmding of polar rain electrons adjacent to and outside of the 
arcs [Hardy et al., 1982], but in other observations, the 
precipitating electrons have the characteristics of the plasma 
sheet or plasma sheet boundary layers, suggesting that the arcs 
are on closed field lines [Peterson and Shelley, 1984; Obara et 
al., 1988]. The convection patterns associated with the arcs 
can be a mesoscale shear flow pattern [Hoffman et al., 1985 ; 
Carlson et al., 1988; Valladares and Carlson. 1991], a large-
scale sunward flow pattern [Frank et al., 1986], or an 
ambiguous and confused one [Rich et al., 1990]. One general 
consensus in the observations of the arcs at high latitudes is 
that the arcs are associated v!ith upward field-aligned currents 
which are carried by energetic precipitating electrons, and the 
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energy range of the precipitating electrons spans from a few 
hundred eV to a few keY [Hardy et al., 1982; Valladares and 
Carlson, 1991]. The dependence of features of the arcs at high 
latitudes on the Y component of the IMF has also been reported 
by many researchers [e.g., Meng, 1981; Gussenhoven, 1982; 
Makita et al., 1991]. It should be noted that corresponding to 
the diversity of the observational results, a variety of names 
have been used for the auroral arcs seen at very high latitudes, 
such as polar cap arcs, extremely high latitude auroras, Sun-
aligned arcs, transpolar arcs, and theta auroras. Whether they 
are the same auroral phenomena at high latitudes and the 
diversity of the observational results and names is just due to 
the different nature of the observations, whether they are 
different auroral manifestations in the ionosphere which have 
the same magnetospheric driven mechanism, and/or whether 
they are, indeed, different auroral phenomena which have 
totally different driven mechanisms are still unclear issues. In 
the following, we will use the term "polar cap arcs" to refer to 
the general types of auroral arcs seen at very high latitudes. 
Theoretical studies of polar cap arcs are still in very early 
stages. Most of the relevant theoretical works concern the 
global-scale ionospheric convection patterns and large-scale 
ionospheric current configuration during northward IMF and 
their coupling to the magnetosphere [Russell, 1972; Maezawa, 
1976; Burke et al., 1979; Potemra et al., 1984; Chiu et al., 
1985; Reiff and Burch. 1985; Burch et al., 1985; Rasmussen 
and Schunk, 1987; MarkIund and Blomberg, 1991]. Only a 
small portion of the theoretical effort has specifically focused 
on the structures of the polar cap arcs and their corresponding 
dynamical processes. Based on S3-2 data, Burke et al. [1982] 
proposed a model for polar cap arcs occurring on open field 
lines. By introducing the concept of mUltiple bifurcation of 
magnetic field lines, Kan and Burke [1985] constructed a model 
of polar cap arcs and proposed that theta aurora can occur on the 
closed field lines, and the less intense polar cap arcs can occur 
either on closed or open field lines. More recently, C hiu 
[1989] formulated a model in which polar cap arcs are assumed 
to be on open field lines and the formation of polar cap arcs is 
shown to be due to current response to mesoscale velocity 
shear structures in the ionosphere. It should be noted here that 
the above theoretical models concerning the structure and the 
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corresponding dynamical processes of polar cap arcs are either 
qualitative, semiquantitative, or steady state models. To date, 
no time-dependent theoretical model displaying the features of 
temporal evolution and fme spatial structures of polar cap arcs 
has been proposed. At the present stage, such a time-dependent 
model is essential for establishing a more complete integrated 
temporal and spatial picture of polar cap arcs, thereby pro-
viding a guide for synthesizing the diversified observational 
results and improving our physical understanding of polar cap 
arcs. 
As a first theoretical endeavor in this direction, we have 
developed a quantitative time-dependent model in which the 
electrodynamics of polar cap arcs are treated self-consistently 
in the frame of the coupled magnetosphere-ionosphere system. 
The goal of developing such a quantitative model is to 
understand the detailed physics of polar cap arcs and provide a 
theoretical guide for the diversified observations rather than to 
fit the modeling results into a specific observational picture. 
Based on this point, the inputs of the model have been given a 
maximum flexibility which allows us to simulate the polar cap 
arcs occurring under various physical conditions. Because of 
the time-dependent and mesoscale nature of the model, the 
modeling results can shed light on a series of currently 
interesting questions of polar cap arcs, such as the following: 
(1) How do the field-aligned currents of polar cap arcs connect 
the ionospheric horizontal currents? (2) Is this current system 
a locally self-closed current system? (3) What is the time 
constant for the formation of polar cap arcs? (4) How does 
ionospheric plasma convect in the arc vicinity? 
The specific purpose of this paper is to introduce the physics 
and mathematical formulation of the model and describe the 
features of spatial structure and temporal evolution of polar cap 
arcs resulting from a case nm. 
2. THEORETICAL MODEL 
Polar cap arcs are neither isolated ionospheric physical 
processes nor passive ionospheric manifestations of the 
dynamics occurring in the magnetosphere. The dynamical 
features of polar cap arcs are coherently determined by the 
dynamics in the magnetosphere and the ionospheric 
conditions, in which the ionosphere is not just a passive 
medium or a "load." This suggests that a self-consistent study 
of polar cap arcs can be undertaken only in the frame of a 
coupled magnetosphere-ionosphere (M-I) system. But on the 
other hand, the coupled M-I system is very complicated and 
involves a number of dynamical processes. At this stage, a 
comprehensive model which includes all dynamical processes 
in the M-I system and can also show the detailed features of 
polar cap arcs is almost impossible. One important element 
connecting the dynamics in the magnetosphere and ionosphere 
is the Alfven waves propagating along magnetic field lines. A 
series of work on the M-I coupling via Alfven waves has been 
done [Maltsev et al., 1977; MallincJcrodJ and Carlson, 1978; 
Lysak and Dum, 1983; Rothwell et al., 1984; Lysak, 1986, 
1991; Kan et al., 1988; Zhu and Kan, 1990], and all of these 
works concern the auroral dynamics in the oval regions. In 
this work, we have specifically extended the idea of M-I 
coupling proposed by Kan et al. [1988] and applied it to the 
dynamics of polar cap arcs. As a frrst step we formulate a 
quantitative model of polar cap arcs which is kept as simple as 
possible but contains key processes which are treated self-
consistently in the frame of the coupled M-I system. The 
scenario of processes in the model is described as follows: 
Figure 1 is a schematic diagram showing the M-I framework 
for our polar cap arc model. Initially, a magnetospheric shear 
flow carried by Alfven waves propagates toward the 
ionosphere. The downward propagating Alfven waves are 
partially reflected from the ionosphere and then bounce aro\lJld 
between the ionosphere and magnetosphere. The features of 
wave reflections depend on the conditions in the ionosphere 
and magnetosphere. The propagating Alfven waves carry both 
upward and downward field-aligned currents. The precipitating 
electrons associated with upward field-aligned currents enhance 
the conductivity in the ionosphere. The changed ionospheric 
conductivity launches a secondary Alfven wave toward the 
magnetosphere. The whole process is transient during which 
all physical quantities in the ionosphere change self-
consistently in time and polar cap arcs develop. Because of the 
finite conductivity in the ionosphere, the temporal changes of 
Alfven waves in the coupled M-I system diminish with time, 
and the whole M-I system, as well as the development of polar 
cap arcs, eventually approaches an asymptotic steady state. At 
this steady state, the electric field in the ionosphere remains 
constant in time because there is no further change of the wave 
field along magnetic field lines, and a constant Poynting flux 
carried by Alfven waves feeds the constant energy dissipation 
in the ionosphere. 
A few points in the above brief scenario of the model need 
further elaboration and justification here. It has been 
commonly accepted that the major driving force of polar cap 
arcs is the dynamics in the magnetosphere which influences the 
ionospheric dynamics mainly via the convection electric field 
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Fig. 1. A schematic diagram showing the geophysical framework of 
the polar cap arc model. The background ionosphere convection is for 
illustrative purposes and not necessarily a two-cell convection. 
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and the particle precipitation. On the other hand, the existence 
of mesoscale shear flow associated with polar cap arcs has been 
confirmed by many observations [Hoffman et al., 1985 ; 
Car/son et al., 1988; Mende et al., 1988; Valladares and 
Carlson, 1991], but the originating mechanism of such a shear 
flow is unclear at this stage. A natural speculation is that the 
initial magnetospheric mesoscale convection may already have 
the shearing feature and that the appearance of polar cap arcs is 
the consequence of the interactions between this 
magnetospheric shear flow and the ionosphere. This leads to 
an important assumption of the model in which we initially 
assume a mesoscale magnetospheric shear flow carried by a 
downward propagating Alfven wave. The question of how this 
shear flow is originated in the magnetosphere is relevant but 
beyond the scope of this work. The ionospheric background 
convection field in the model is the large-scale convection 
field existing in the ionosphere prior to the arrival of the 
mesoscale magnetospheric shear flow. It should be noted that 
the convection electric field of polar cap arcs at an asymptotic 
steady state is not the simple superposition of the ionospheric 
background field and the initial mesoscale shear convection 
field but instead is self-consistently determined by the 
interactions between the magnetosphere and ionosphere, and it 
has evolved in a time-dependent dynamical manner. 
The physics governing the reflection of upward propagating 
Alfven waves at the magnetospheric boundary has been briefly 
elucidated by Kan et al. [1988]. On open field lines the solar 
wind inertia is sufficiently large so that the E x B flow of the 
solar wind is unaffected by the loading of the incident Alfven 
wave at the magnetopause. This means that the electric field on 
open field lines at the magnetopause is kept constant by the 
solar wind, which can be translated into the condition that the 
electric field of the reflected wave must cancel the incident wave 
field, i.e., the reflection coefficient on open field lines at 
magnetopause is given by Rm = -1. The situation on closed 
field lines is quite different. The inertia of the E x B 
convection in the plasma sheet is extremely limited; therefore, 
the incident Alfven wave can be expected to modify the electric 
field in the plasma sheet on closed field lines. If the inertia in 
the plasma sheet is sufficiently small, an Alfven wave incident 
on the plasma sheet transmits almost without reflection. 
Consider a pair of identical but oppositely propagating Alfven 
waves incident on the plasma sheet simultaneously. They will 
be fully transmitted in this case. By regarding the transmitted 
waves as if they were reflected, one can fmd the equivalent 
reflection coefficient Rm = +1. On the other hand, if the inertia 
in the plasma sheet is sufficiently large such as in the low-
latitude boundary layer, Rm may be somewhat less than +1 but 
larger than -1. A more recent quantitative study of the 
reflection of Alfven waves at the magnetopause has been 
conducted by Cao and Kan [1990]. By using linearized MHD 
conservation relations, they confmned that the reflection 
coefficient of Alfven waves on the open magnetopause should 
be very close to -1, and the open magnetopause can be treated 
as a constant voltage source. 
The enhancement of the ionospheric conductivity in the 
model is assumed to be caused mainly by the precipitating 
electrons associated with the upward field-aligned currents. 
Maximum flexibility is given to the inputs of the model, which 
allows us either to simulate polar cap arcs under different 
conditions or to test various theoretical hypotheses. For 
example, polar cap arcs in the model can be assumed on open 
field lines, on closed field lines, or even on both; the large-
scale ionospheric background convection can be four-cell, two-
cell, or even three-cell. A mathematical formulation of the 
proposed scenario of polar cap arcs is presented in the next 
section. 
3. MA TIlEMA TICAL FORMULATION 
The ionosphere is treated as a two-dimensional slab with an 
integrated conductivity. The X axis measures the noon-
midnight dimension and points to the dayside, and the Y axis 
measures the dawn-dusk dimension and points to the dusks ide 
(see Figure 1). The magnetosphere is a two-dimensional 
pseudoplane used as a boundary for the reflection of Alfven 
waves. The magnetosphere and ionosphere are connected by 
magnetic field lines which are assumed perpendicular to the 
ionosphere. The communication between the magnetosphere 
and ionosphere is characterized by the bouncing of Alfven 
waves between these two regions, and both the upward and 
downward field-aligned currents are associated with the 
propagating Alfven waves. Initially, the large-scale 
ionospheric convection and conductivity are given. These 
large-scale patterns are consistent with the overall solar, 
geomagnetic, and IMF conditions. The background convection 
shown in Figure 1 is not necessarily a two-cell convection; it 
has only been selected for the purpose of illustration. The 
ionospheric simulation domain can be on open field lines, on 
closed field lines, or on both, depending on the choice of the 
wave reflection character at the magnetospheric boundary. The 
initial time (f = 0 min) is the time when the magnetospheric 
shear flow carried by Alfven waves first arrives at the 
ionosphere. 
3.1. Propagation and Reflection of Alfven Waves 
The propagating Alfven waves can carry both field-aligned 
current and transverse polarization current [Kan and Sun, 
1985]. The relationship between the wave electric field and the 
currents can be derived from MHO equations. 
For incompressible plasma, the ideal MHD equations can be 
expressed as 
av Pat + P(V • V)V = J x B (Ia) 
ap 
(Ib) -+V.(pV)=O at 
E+VxB=O (Ic) 
aB VxE=-ar (ld) 
v xB =JLoJ (Ie) 
where p is the mass density, V is the fluid velocity, J is the 
current density, B is the magnetic field, E is the electric field, 
and JLo is the free space permeability. The relationship 
between the fluid velocity V and the perturbed magnetic field b 
of a nonlinear Alfven wave can be derived from equation (1) 
[see Alfven and Falthammar, 1963], which is 
V = + b (2) 
- 1/ (JLoP) 2 
where Po is the background mass density and the plus (minus) 
sign is for the propagation antiparallel (parallel) to 
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background magnetic field Bo. The corresponding phase 
velocities are V ~ = +V A, where V A = BoI(}.loPo)I/2. Since b 
and V are coplanar, the electric field of an Alfven wave is 
(3) 
Inserting equations (2) and (3) into (Ie), we obtain the 
relationship between the electric field of an Alfven wave and 
the currents carried by the Alfven wave, 
J = ± I [-b (VeE) + (b eV)E] A A 0 0 (4) 
where b o =Bo/Bo and where IA = (}.loVA)-1 is the 
characteristic conductance of the plasma carrying the Alfven 
wave. The first term in equation (4) is the field-aligned current 
carried by the Alfven wave, and the second term is the 
polarization current flowing across field lines along the wave 
front. 
When the Alfven wave carrying the shear flow arrives at the 
ionosphere, the wave field can be partially reflected from the 
ionosphere because of the finite ionospheric conductance. 
From equation (4), the field-aligned currents carried by the 
incident and the reflected Altven waves can be written as 
i r J = b L Ve(E - E ) IIA 0 A (5) 
where Ei and Er are the incident and the reflected Alfven wave 
fields, respectively. The current continuity in the ionosphere 
can be expressed as 
J =Ve(I E +I b XE) Iii P i HOi (6a) 
and 
i r 
E =E +E +EiP (6b) 
where Ei is the total ionospheric electric field at that moment, 
E iP is the ionospheric electric field which excludes the 
incident and the reflected wave fields, and Ip and IH are the 
ionospheric Pedersen conductance and Hall conductance, 
respectively. 
By matching the field-aligned currents carried by the incident 
and the reflected waves and the field-aligned currents which 
exist in front of the wave front of the Alfven waves (IIID) with 
the divergence of the ionospheric currents, we obtain a time-
dependent equation which describes the reflection of an Alfven 
wave from the ionosphere [cf. Zhu and Kan, 1990], 
(7a) 
and 
i r 
EP) = E(t) + E (t) + EiP(t) • (7b) 
Inspection of equation (7) shows that the reflected Alfven 
waves, Er, more precisely referred to as upward propagating 
Alfven waves, not only originate from the reflection of the 
downward propagating Alfven waves but can also originate 
from a temporal change of the ionospheric conductance. The 
latter can be seen clearly if the components of IIiD are written 
down explicitly, i.e., 
The mechanism of a temporal change of the ionospheric 
conductance producing an upward propagating Alfven wave can 
be briefly elucidated as follows: The temporal change of the 
ionospheric conductance can lead to an electric field 
perturbation superimposed on the background ionospheric 
electric field. The perturbed electric field then leads to the 
perturbation of magnetic field lines, producing the upward 
propagating Alfven waves. The significance of the upward 
propagating Alfven waves due to the temporal change of the 
ionospheric conductance in equation (7) is that it shows the 
ionosphere plays an active role in the M-I coupling system. 
The upward propagating Alfven waves continuously send 
updated information about changes in the ionosphere to the 
magnetosphere, thereby keeping the interaction between the 
magnetosphere and the ionosphere internally consistent. 
On the magnetospheric side, a reflection coefficient is used to 
describe the reflection of the upward traveling Alfven waves at 
the magnetospheric boundaries [cf. Kan et al., 1988], which 
can be expressed as 
R m = -Ion open field lines 
-1 < R m < 1 on closed field lines. 
(9a) 
(9b) 
The physics governing the reflection coefficient has been 
discussed in the previous section. It may be noted that Rm =-1 
corresponds to an idealized constant voltage source while Rm = 
1 corresponds to a constant current source. The value of Rm on 
closed field lines can be expected to increase from slightly 
greater than -1 toward +1 as one moves from the distant tailor 
the low-latitude boundary layer toward the inner edge of the 
plasma sheet. The traveling time of Alfven waves, which is 
defmed as the time for the propagating Alfven waves to fmish a 
round trip between the magnetosphere and the ionosphere, can 
vary from about 1 min to about 10 min depending on which 
region in the magnetosphere the field lines are connected with. 
3.2. Conductivity Enhancement in the Ionosphere 
Under the assumption that precipitating electrons associated 
with upward field-aligned currents are the main external 
ionization source in the polar cap in addition to solar UV 
contributions, the time-dependent electron continuity equation 
can be used to describe the ionization in the ionosphere. We 
have 
aN Q'I 'I ~J. 
-+ V. (NV)=----+S -IN ~ ~ ~H 0 (10) 
where N is the electron number density in the ionosphere, Q is 
the ionization coefficient which will be defmed and discussed 
later in this section, H is the effective thickness of the 
conducting ionosphere, {J is the recombination coefficient, and 
So is the background ionization source term which can be 
determined by the background convection V 0 and background 
electron density No, i.e., 
s = V • (N V ) + f1l1.. . o 0 ~ 0 (11) 
Please note that the first two terms on the right side of equation 
(1 0) are the ionization terms associated with the field-aligned 
currents, in which the upward current has a negative value. 
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From the definition of the Hall conductivity. the height-
integrated Hall conductivity in the E layer of the ionosphere 
can be approximated by 
1: NeH 
H- Bo 
(12) 
By using equation (12). and assuming that the ratio R = LH/LP 
is independent of the energy of the precipitating electrons, 
equation (10) can be rewritten as 
aLH (QH+ 1) a,=- Bo Ve (Lp Ei+ LHbo x Ei) + (13) 
'VJ 2 b x E. ell P ' o 0 I 
-S --L +VL e--
Bo 0 ell H H Bo 
In this model, the ratio R is assumed to be 1.5. It should be 
pointed out that in reality, the ratio between the Hall 
conductance and the Pedersen conductance increases as the 
characteristic energy of precipitating electrons increases. 
Therefore, the adoption of a constant R in the model is a fIrst 
approximation and can be removed in further improvement of 
the model, even though a constant R is somewhat acceptable in 
the polar cap owing to the softer energy spectrum of 
precipitating electrons compared to that in the auroral oval 
regions. 
The introduction of the ionization coeffIcient in the electron 
continuity equation was initially for the treatment of the 
ionization caused by auroral precipitation in the oval regions 
[cf. Kan et al., 1988; Zhu and Kan, 1990]. It has been found by 
many researchers [e.g., AlciJsofu and Roederer, 1983; Frank et 
al., 1986] that the overall character of the polar cap arcs is very 
similar (with respect to electron precipitation and fIeld-aligned 
currents) to that of arcs in the auroral oval. The key physics 
contained in the ionization coeffIcient is the approximately 
linear JII- '" relationship [Fridman and Lemaire, 1980]. In 
this model, we assume that such a linear JII - '" relationship 
can be applied to the acceleration regions of precipitating 
electrons associated with polar cap arcs; therefore, the 
proposed ionization coeffIcient Q [cf. Zhu and Kan, 1990] can 
be used in this model, which is defmed as 
Q=O J downward or Ll I < J II II 0 (14a) 
J upward and VeE ~ 0 and LJ I > J II i II 0 (14b) 
Q='Y'(LlI-J)J upwardandVeE <0 andLlI>Jo (14c) II 0 II i II 
where Q 0 is a constant depending on the energy of 
precipitating electrons which are not associated with potential 
drop structures along magnetic fIeld lines, 'Y' is a parameter 
which depends on the JII - '" relationship [Fridman and 
Lemaire, 1980], and Jo is the thermal electron current in the 
loss cone. The ionization coeffIcient, Q, is defIned as the 
average number of ions produced by an incident electron per 
meter which is proportional to the energy of the precipitating 
electrons. Since the enhancement of ionospheric conductance 
is assumed to be caused exclusively by the precipitating 
electrons, Q should be zero in the regions where the fIeld-
aligned currents are downward. In the regions where JII is 
upward and V . E; > 0, the potential drop structures do not 
exist along magnetic fIeld lines [Lyons, 1980]. Therefore, the 
energy of the precipitation in these regions is directly 
determined by the electron thermal energy in the 
magnetospheric source regions, and we assume Q to be 
constant. In the regions of polar cap arcs where V· E; < 0, the 
precipitating electrons are accelerated by field-aligned 
potential drop. Since the upward fIeld-aligned current density 
JII linearly depends on the potential drop '" along magnetic 
field lines, the energy of precipitating electrons can be 
considered to be linearly proportional to the upward field-
aligned current density in these regions, and Q can no longer be 
a constant, as shown in equation (14). The linear relationship 
between the ionization coeffIcient, Q, and fIeld-aligned current 
density in equation (14) means that the characteristic energy of 
precipitating electrons is, in our model, a temporal and spatial 
variable determined by the fIeld-aligned current distribution. It 
should be pointed out that in the present model, we only 
include the effects of the fIeld-aligned potential drops on the 
ionization in the ionosphere and have not considered the 
interactions between Alfven waves and fIeld-aligned potential 
drops. Goertz [1984] has used the theory of kinetic Alfven 
waves to study the evolution of nonstationary fIeld-aligned 
potential drops. An improvement of the model along this line 
can be worthwhile. 
Equations (7), (9), (11), (13), and (14) form the basic working 
equations of the present model of polar cap arcs. The temporal 
evolution of polar cap arcs and Alfven waves propagating 
along magnetic field lines can be obtained by solving these 
equations numerically. 
3.3. Numerical Scheme of the Model 
The ionospheric simulation domain is 3000 km long in the X 
(midnight-noon) direction and 1000 km wide in the Y (dawn-
dusk) direction. The grid size is 30 km in the X direction and 
10 km in the Y direction. The third dimension along the 
magnetic fIeld lines is a pseudodimension which merely serves 
to provide the Alfven wave traveling time scale. The 
magnetosphere is simplified as a plane which is the source 
region of the initial magnetospheric shear flow and is used 
only for treating the reflection of the Alfven waves on the 
magnetospheric side after T = 0 min. The choice of boundary 
conditions in the simulation is based on the Ioilowing 
physical considerations: The polar cap arcs are mainly aligned 
in the noon-midnight direction. Typically, polar cap arcs can 
be a few ten to a few hundred kilometers wide and extremely 
stretched (a few hundred to a few thousand kilometers) in the 
noon-midnight direction, sometimes even connecting both the 
dayside and the nightside of the auroral oval. In the distant 
regions on the morningside or dusks ide of the polar cap arcs, 
the background ionosphere can be assumed undisturbed; 
therefore, we use a constant boundary condition for the 
dawnside and duskside boundaries in the simulation. On the 
noons ide and midnightside boundaries, the situations are 
completely different. Not only do the elongated polar cap arcs 
reach or even go beyond the boundaries into the auroral oval, 
but also the large-scale convection which is mainly in the Sun-
aligned direction can carry the disturbance associated with the 
polar cap arcs through the boundaries. Accordingly, we use an 
open boundary condition for the noonside and midnights ide 
boundaries, which allows plasma to freely flow through. 
Figure 2 illustrates the numerical procedure of our computer 
model in which the elements in the box of dashed lines are the 
time-dependent components of the model. In terms of the 
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Fig. 2. A flow chart showing the numenca1 procedure of the polar cap 
arc model 
diagram, the numerical procedure can be summarized as follows: 
1. Starting from the left of the diagram, the initial 
magnetospheric shear flow carried by the Alfven waves, 
background ionospheric convection, and background 
ionospheric conductance are given flrst. 
2. By using the given downward propagating waves and 
background ionospheric electric fleld and conductance, the 
upward propagating wave fleld from the ionosphere (E') can be 
determined by the numerical solution of equation (7). 
3. Then calculate the total ionospheric electric fleld, fleld-
aligned current, and horizontal ionospheric current at that 
moment by using equation (6). 
4. The reflected wave from the magnetosphere can be 
determined by equation (9), which contains a time delay 
depending on' the Alfven wave traveling time. The reflected 
wave from the magnetosphere will be used as the incident wave 
for the ionosphere in the later time steps. 
5. At the same time, the conductance in the ionosphere 
increases as a result of the precipitating electrons carried by 
upward fleld-aligned currents. The time scale of this ionization 
process is on the order of the recombination time scale. The 
enhancement of the ionospheric conductance is determined by 
equations (13) and (14). 
6. We go back to equation (7) to determine the upward 
propagating Alfven waves of the next time step by using the 
reflected waves from the magnetosphere and the newly 
calculated ionospheric electric fleld and conductance. Note that 
even though there is no incident wave from the magnetosphere, 
the upward propagating waves are not necessarily equal to zero 
because the ionospheric conductance keeps changing and so 
can launch upward propagating Alfven waves. 
Because of fmite conductance in the ionosphere, the temporal 
changes of the Alfven waves along magnetic field lines 
diminish, and therefore the development of the polar cap arcs 
and the whole M-I system will eventually approach an 
asymptotic steady state. Repeating steps 3 to 7, the 
ionospheric convection, field-aligned current, ionospheric 
conductance, integrated horizontal current, and Joule heating 
rate will change self-consistently with time, and the temporal 
evolution and spatial structures of the polar cap arcs Can be 
examined in detail. 
4. INmAL STUDY: A CASE RUN 
The observed features of polar cap arcs have a great diversity 
and sometimes are in contradiction. A theoretical modeling 
effort should not try to flt itself into a speciflc observational 
frame. Instead, a theoretical effort should be made on the basis 
of the most generalized observational features, and the 
modeling should be performed in the most general and simplest 
way. Based on this viewpoint, we make the initial conditions 
of our modeling as simple and general as possible in order to 
reveal the basic physics of polar cap arcs. In this paper, we 
speciflcally study the features of polar cap arcs which occur on 
open fleld lines and are associated with large-scale antisunward 
background convection in the ionosphere. Figure 3 shows the 
ionospheric background conditions, and Figure 4 shows the 
initial perturbation of the magnetosphere-originated shear flow 
carried by downward propagating Alfven waves. The top panel 
of Figure 3 shows the Hall conductance distribution in the 
noon-midnight cross-section. In the dawn-dusk direction, we 
assume the Hall conductance to be uniform. This background 
ionospheric conductance is merely due to the solar 
contribution, and for simplicity, we assume it decreases 
linearly toward the nights ide. The solid line in the bottom 
panel of Figure 3 shows the background ionospheric potential 
distribution in the dawn-dusk cross-section. In the noon-
midnight direction, the electrical potential is constant. For 
comparison purposes, the potential perturbation associated 
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with the initial magnetospheric shear flow is shown by thc? 
dashed line in the panel. It can be seen that the distribution of 
the background ionospheric potential in the bottom panel of 
Figure 3 implies a large-scale antisunward convection which is 
uniform in the dawn-dusk direction. The initial 
magnetospheric shear flow carried by the propagating Alfven 
waves is represented by a potential in the Gaussian distribution 
as shown by the solid line in Figure 4_ The shear flow is 
uniform in the noon-midnight direction. The corresponding 
electric field distribution, which is convergent in the center and 
divergent on the edges of the shear flow, is shown by the 
dashed line in the same figure_ 
Since we have assumed that polar cap arcs occur on open field 
lines in this specific case, the reflection coefficient at the 
magnetospheric boundary shown in equation (9) is -1 
everywhere in the calculation domain. A constant ratio 
between the Hall conductance and the Pedersen conductance R = 
1.5 is adopted as an approximate treatment. The time step is 
10 s, and the Alfven wave traveling time between the 
magnetospheric boundary and ionosphere is assumed to be 2 
min. Other model parameters are as follows: thermal electron 
current J 0 = 0.08 p.A m-2, constant ionization coefficient Qo = 
7 x 10-3 ions per electron per meter, coefficient 'Y' = 1 x 104 
(ions m)/(electron A) [Rees, 1963; Fridman and Lemaire, 
1980], and recombination coefficient f3 = 0.9 x 10-13 m3 s-1 
[Walls and Dunn, 1974]. 
4.1. Polar Cap Arcs al Asymptotic Steady Stale 
The initial shear flow carried by Alfven waves arrives in the 
ionosphere at T = 0 min, which leads to the bouncing of Alfven 
waves between the magnetosphere and ionosphere and the 
development of polar cap arcs. As long as the external 
environment of the coupled M-I system remains unchanged, the 
bouncing of Alfven waves eventually will be damped by the 
finite ionospheric conductance, and the development of the 
polar cap arcs will approach an asymptotic steady state. In this 
case, such a steady state of the polar cap arcs is achieved in 
about 8 to 10 min. Figures 5 to 8 show the asymptotic features 
of the polar cap arcs at time T = 8 min_ Figure 5 shows the 
field-aligned current distribution in which the dashed lines 
denote upward field-aligned currents and the solid lines denote 
downward field-aligned currents. Please note that only a 
portion of the simulation domain is shown in this figure in 
order to display the detailed structures associated with the polar 
cap arcs. It can be seen, as indicated by Figure 5, that in the 
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self-consistent development of a polar cap arc, a single-peak 
precipitation associated with the initial magnetospheric shear 
flow has been split into multiple peaks, leading to multiple 
structures of the polar cap arcs. An individual ~c is about 30 to 
40 km wide and is separated by a downward current region. The 
obserVed multiple polar cap arcs are not due to any multiple 
structures in the magnetospheric source region; inStead, such a 
multiple feature is internally originated in the dynamical 
process of the polar cap arcs determined by the whole coupled 
M-I system. Figure 5 shows that strong downward field-aligned 
currents can . develop near the most intensive upward field-
aligned currents and form pair structures of field-aligned 
currents: The spatial scale of this kind of pair structure in this 
case is around tens of kilometers with a downward current on 
the morningside. The maximum intensities of both upward and 
downward currents shown in Figure 5 are about 2.8 J.1A/m2. In 
this case, the polar cap arcs are embedded in a weak large-scale 
downward field-aligned current extending from the vicinity of 
the arcs to the dawnside and duskside boundaries. 
Figure 6 shows the distribution of the ionospheric Hall 
conductance at the asymptotic steady state. In the regions of 
the polar cap arcs, the ionospheric conductance is greatly 
enhanced by the precipitating electrons carried by upward 
currents, while the conductance in the regions outside of the 
polar cap arcs remains almost unchanged. In this case, the 
maximum increase of the Hall conductance in the polar cap arcs 
is about 6 mhos. Like the polar cap arcs, the enhanced 
conductance is also aligned in the noon-midnight direction. 
The asymptotic distribution of the louIe heating rate is shown 
in Figure 7. A very sharp change of the louIe heating rate can 
be seen in the polar cap arcs compared to that in the regions 
outside of the arcs. The maximum louIe heating rate in this 
case is around 5.4 ergs/cm2 s. Comparing Figures 5, 6, and 7, 
it is seen that the regions of strong ionization coincide with 
the regions of intensive upward field-aligned currents, but the 
regions of strong louIe heating appear to have a dawnward shift 
to the region of the intensive upward currents. 
To examine more detailed spatial features of the polar cap 
arcs, the distributions of the field-aligned currents, Hall 
conductance, louIe heating, day-night component of the 
electric field, and the Hall component of the field-aligned 
currents along the dawn-dusk cross-section (x = 1500 km) are 
shown in Figure 8. A clear pattern of the multiple structure of 
the polar cap arcs can be seen in the top panel where the 
negative value is for an upward current. The mUltiple peaks of 
conductance enhancement are due to the multiple structure of 
the precipitation associated with field-aligned currents. . The 
maximum louIe heating does not occur in the regions of 
maximum conductivity enhancement or maximum 
precipitation; instead, it shifts about 30 km toward the 
morningside. In the region of maximum precipitation, louIe 
heating has a moderate value. This result can be explained by 
the dramatic decrease of the electric field due to the conductivity 
enhancement in the regions of strong precipitation. Whether 
the plasma flow crossing the polar cap arcs, which is initially 
zero in our modeling, exists or not is an important issue. Our 
results do show the existence of such a flow, which is 
associated with the X component of the electric field in our 
modeling, when the polar cap arcs are fully developed, but the 
amplitude of it is very small, as shown in Figure 8, and the 
characteristic time scale of it is much larger than the time 
constant for the polar cap arcs to develop. Therefore, the effect 
of plasma flow crossing the polar cap arcs is not significant in 
this case. Another interesting feature shown in Figure 8 is the 
closure of field-aligned current in the ionosphere. It is known 
that a field-aligned current can be ~losed by the ionospheric 
Hall current or Pedersen current. It has been found [Kan et al., 
1988] that in the auroral oval regions, a sig~ficant amount of 
the field-aligned current associated with bright arcs is 
connected to the ionospheric Hall current and the divergences 
of the Hall and Pedersen currents have the same sign in these 
regions. Our results show that the features of current closure in 
polar cap arcs are different from those of the arcs in auroral oval 
regions. First. the contribution of the Hall component of field-
aligned current is not significant in polar cap arcs, as shown in 
Figure 8, and the field-aligned current is mainly closed by the 
Pedersen current. Second, the divergences of the Hall and 
Pedersen currents are in opposite sense in polar cap arcs, which 
means the Hall and Pedersen components of field-aligned 
current cancel each other. which is the opposite of the effect 
seen in the auroral oval regions. 
4.2. EvolUlion of Polar Cap Arcs 
Figure 9 shows the snapshots of the evolution of polar cap 
arcs. The top panels of Figure 9 show the field-aligned current 
distributions at T = 3 min and T = 6 min. the middle panels 
show Hall conductance distributions. and the bottom panels 
show Joule heating rate distributions. This result clearly 
shows that the polar cap arcs at the steady state shown in 
Figures 5 to 8 do undergo a temporal evolution determined by a 
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dynamical process, and they are not the simple superposition 
of the ionospheric background and imposed magnetospheric 
shear flow. Figure 10 shows the temporal evolution of the 
field-aligned current distribution along the dawn-dusk cross-
section (x = 1500 km). It can be seen that individual arcs are 
not spatially stable in time and they move at an average 
velocity of around 200 mls while their intensities increase. 
Multiple structures appear very early in the development stage 
of the arcs, but different arcs are not enhanced evenly in time. 
The breakup of a single arc is seen first, and a few minutes later, 
the breakup of a second arc occurs at a distance of tens of 
kilometers away from the first one. Figures 11 and 12 show the 
snapshots of the evolution of the Hall conductance 
distributions and Joule heating distributions along the dawn-
dusk cross-section (x = 1500 km). These two quantities change 
self-consistently while the polar cap arcs are developing. 
Figure 13 shows the evolution of the total upward and 
downward field-aligned current in the region which covers the 
range from y = -200 km to y = 200 km in the dawn-dusk 
direction and from x = 0 km to x = 3000 km in the noon-
midnight direction. As expected, both total upward and 
downward currents in this region increase in time while the 
polar cap arcs are developing. One interesting thing shown in 
Figure 13 is the temporal variation of the difference between 
the total upward and total downward currents. In the early 
development stage of polar cap arcs, a substantial difference 
exists between the total upward and total downward currents. 
This means that a significant amount of upward current in the 
arcs connects to distant ionospheric horizontal currents outside 
of the regions of the polar cap arcs. While the polar cap arcs 
are developing, the conductance in the regions of the polar cap 
arcs is enhanced, and less current flows into the darkened 
regions outside of the polar cap arcs; thereby more upward 
current is closed by local downward current, and the total 
downward current in the region catches up gradually. At the 
asymptotic steady state of the arcs, the difference between the 
total upward and total downward currents eventually approaches 
zero. This indicates that while polar cap arcs are developing, 
the associated current system tends to become further localized. 
and at steady state the current system in the narrow regions 
around the arcs is locally self-closed. 
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Figure 14 shows the evolution of the ratio between the total 
louIe heating and the total energy flux associated with 
precipitating electrons in the region around the polar cap arcs 
as described above. Initially, the ratio is about 8.2. When the 
polar cap arcs are fully developed, the ratio drops to around 0.4. 
A commonly accepted fact is that in the polar cap, the Joule 
heating rate is much larger than the energy deposition from the 
precipitating electrons. But our results suggest that this might 
not be true in the small-scale region around the polar cap arcs. 
A ratio of less than 1 can exist when the electric field is 
dramatically decreased and precipitation is greatly enhanced in 
the narrow regions around the arcs. 
5. SUMMARY 
A quantitative time-dependent model of polar cap arcs has 
been developed in which the electrodynamics of the polar cap 
arcs are treated self-consistently in the frame of the coupled 
magnetosphere-ionosphere system. The goal of developing 
such a quantitative model is to understand the basic physics of 
polar cap arcs and provide a theoretical guide for synthesizing 
the diversified observational results. The model specifically 
focuses on the features of mesoscale spatial structures and 
temporal evolution of polar cap arcs rather than the associated 
large-scale ionospheric background and their magnetospheric 
connections. To reveal the most basic physics of the arcs, the 
model has been formulated to be as simple and general as 
possible, but contains key physical processes. A maximum 
flexibility has been given to the inputs of the model, which 
allows us either to simulate various polar cap arcs under 
different conditions or to test various theoretical hypotheses in 
some aspects of the model. An initial study of the polar cap 
arcs has been done by using the developed model in which the 
polar cap arcs are assumed to occur on open field lines and to be 
associated with large-scale antisunward background convection 
in the ionosphere. The main results of the initial study can be 
summarized as follows: 
1. The time constant for the formation of the polar cap arcs is 
around 10 min. 
2. In the self-consistent development of polar cap arcs, an 
initial single-arc precipitation pattern splits into mUltiple 
arcs. This result suggests that the observed mUltiple polar cap 
arcs might not be due to any multiple structures in the 
magnetospheric source region, but instead, such a multiple 
feature is internally originated in the dynamical process of the 
polar cap arcs determined by the whole coupled M-I system. 
3. Strong downward currents can develop near the most 
intense upward currents and form pair structures of field-aligned 
currents in polar cap arcs. In this specific case, the spatial 
scale of the pair structures is around tens of kilometers with the 
downward currents on the morningside. 
4. The regions of strong ionization coincide with the regions 
of intense upward field-aligned currents, but the regions of 
strong Joule heating appear to have a dawnward shift to the 
region of the intense upward currents. 
5. Our model predicts the existence of plasma flow crossing 
the polar cap arcs, but the amplitude of such a flow is small, and 
the characteristic time scale of it is much larger than the time 
constant for the formation of polar cap arcs. 
6. The field-aligned currents of polar cap arcs are mainly 
closed by Pedersen currents, and the contribution of the Hall 
component of the field-aligned current is not significant in 
these polar cap arcs. This is different from the situation of 
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auroral arcs in the oval region, where a significant amount of 
field-aligned currents is closed by Hall currents. 
7. Our results show that in the situation of multiple polar cap 
arcs, the breakup of a single arc is seen first, and a few minutes 
later, the breakup of a second arc occurs at a distance of tens of 
kilometers from the first one. Individual arcs move at an 
average velocity of around 200 rnls while their intensities 
increase. 
8. While polar cap arcs are developing, the associated current 
system tends to become further localized, and at steady state the 
current system in the narrow regions around the arcs is locally 
self-closed. 
9. Because of the dramatically decreased electric field and 
greatly enhanced precipitation, the ratio between the total 
Joule heating and the total energy flux associated with 
precipitating electrons can be less than 1 in the narrow regions 
ar01md polar cap arcs. 
As a follow-up of this work. a more systematic study of polar 
cap arcs will be conducted by using the developed model. The 
future work will focus on the studies of the polar cap arcs with 
various morphologies, the effects of the solar cycle and 
seasonal variation, and the influence of various large-scale 
ionospheric convection patterns on polar cap arcs. The effect 
of different magnetospheric boundary conditions will be 
studied, as will the extent of decoupling in the M-I system 
when allowance is made for '" effects. 
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